This study deals with the observation of sand ripples in a circular geometry under oscillatory flow. We focus our efforts on quantifying by means of laboratory experiments the different patterns which occur as a function of the excitation parameters.
water, observed two types of patterns : rolling-grain ripples (small patterns with grains moving back and forth at the interface between sand and water) and vortex ripples (larger patterns with a vortex detaching from the crest taking out grains from the neighboring sand structures). Underwater rolling-grain ripples always evolve towards vortex ripples and both feature a transient vortex [5] [6] [7] [8] [9] . It seems that De Candolle and Darwin only observed vortex ripples whereas Fermigier & Jenffer saw both rolling-grain ripples and vortex ripples [3] . In the context of a more general experimental study on underwater ripples in our laboratory, we reproduce these experiments in a very controlled manner in order to obtain quantitative results especially about the onset of the instability.
The principle of the setup can be described as follows [3] : a bottom plate with a circular tank of radius R fixed over it is driven by a centered axis which oscillates azimuthally at a fixed displacement amplitude A and frequency f . We put a layer of height h of monodisperse spherical glass beads of diameter d (relative density with respect to water ρ s /ρ f = 2.49). Then, we fill the tank with water (kinematic viscosity ν= 10 −6 m 2 · s −1 ) of height H. This closed recipient preserves mass conservation and the circular geometry gives spatially periodic boundary conditions. Our setup is made of a cylinder in Altuglass of radius R ext = 11cm and of height h c = 19.5cm. The circular bottom plate is a plastic in polyvinyl chloride. A circular neon used for lighting is moveable in height and avoids optical inhomogeneities along the perimeter. Pictures are taken with a C.C.D. camera which is mounted on the top of the oscillating setup. Due to the oscillatory motion of the tank and as for the plane or cylindrical geometry, a Stokes boundary layer of thickness δ = ν/πf is present at the interface between water and glass beads which is at the origin of the ripples formation [5, 6] . In addition, a similar boundary layer does exist on the inner vertical face of the circular tank. This kind of geometry was studied recently because of the occurrence of other granular instabilities and secondary flows [10, 11] . We will not perform a detailed calculation of the secondary flow created by the granular bed oscillation and spin-up effects, but it is easy to predict the existence of a toroidal pulsed structure, as was studied in continuous rotation in [12] . The trajectories of particles shows that the radial component of the flow structure is very weak. This circular flow induced by the walls puts the grains in movement and the azimuthal velocity varies linearly with the radius. Hence, we have a system where one can observe the influence of a radial gradient of shear amplitude.
The visualizations of the sand-water interface with a top camera are shown in Fig. 1 :
in (a) we distinguish the flat initial state. After starting the oscillations, we can observe at the outer region of the disk (r = R ext ) a first type of structure that we identify as rollinggrain ripples in Fig. 1 (b) . In the Fig. 1 (c) , after a while, we notice the transition from rolling-grain ripples to deeper structures growing inward which are vortex ripples. Then, in the Fig. 1 (d) , the final state is characterized by the presence of an inner circle without structures, and radial ripples.
At a distance r from the tank center, the mean wavelength of the radial vortex ripples is obtained as the ratio between the perimeter P = 2πr and the number of ripples N.
The existence of a final radial state implies that the number of vortex ripples is constant whatever is the radius r (dislocations which are features of transitory regimes or of 3D-effects
Moreover, the amplitude of motion is proportional to the radius. One concludes that the final wavelength of the vortex ripples is proportional to the oscillations' amplitude λ f (r) ≃ A, as predicted by Longuet-Higgins [13] and observed in many experiments, especially in [5] where λ f = 4/3A. This result inherent to the circular geometry was observed as early as 1882 by Casimir De Candolle [1] . Hence, the wavelength increases linearly from the instability threshold to the external radius R ext [ Fig corresponds to the absence of grain motion ; the second one R 1 is situated at the end of a descending slope which starts on a kind of promontory delimited by the first radius R 0 .
Between R 0 and R 1 , the absence of initial streaks shows the existence of grains motion but without ripples formation. This demonstrates the existence of two distinct thresholds for an oscillating flow over a sand bed. R 0 corresponds to the threshold for grain motion whereas R 1 corresponds to the stability threshold for the periodic patterns of ripples. Hence, theories of ripples formation should distinguish between the two. Very few experimental evidence of this gap between thresholds were published so far [15] [16] [17] . Moreover, the observation of the region close to R 1 reveals a "shark tooth" form of the ripples [ Fig. 2 (d) ]. From these observations we can estimate the critical Shields number to put grains in motion. Indeed the Shields number, which is the ratio between the shear force on the grains and their apparent weight, is defined by Sh(r) ≃
is the local amplitude of oscillation expressed in function of the external radius R ext and amplitude A ext . The velocity gradient in the shear stress τ (r) is estimated with the ratio of the velocity U ≃ 2πAf and the Stokes boundary layer thickness δ = ν/(πf ). It is legitimate to ask if the grain transport in the descending region could not be due to the secondary flow, with the grains transported radially beyond R 1 . However, if the equivalent radial Shields number (secondary flow plus centrifugal force) is bigger than the azimutal one, one would observe an inclined surface with an increased level towards the outer radius.
We do observe the contrary. Moreover, one may wonder if the radius R 1 really corresponds to the stability threshold as one would measure it in a plane geometry. As a matter of fact, it is possible that the threshold can be modified by the fact that the vortex associated to the vortex ripples could diffuse towards the center of the tank by viscosity. If this were the case, the size of the diffused layer would scale with the Stokes layer which is negligible compared to the radius R 1 which is one hundred times superior. Moreover, vortex ripples correspond to finite amplitude perturbations of the sand bed related to the inertial separation of the flow and it is possible that the stability threshold could be different compared to the case of small rolling-grain ripples. In any case, the circular geometry is a good candidate in order to study with more details the threshold for both grains motion and pattern formation and works are in progress in order to compare with the plane geometry [17] . We would like to underline that previous authors have reported for the existence of two thresholds in plane geometry [15, 16] . However, the time of observation is not given in their experiments. Indeed, the rolling-grains ripples can appear on very long time scales, hours or even days. The major advantage of the circular geometry is to impose a gradient of excitation which allows us to determine accurately both thresholds.
We follow the time evolution of the position of the instability front R f associated to one ripple [ Fig. 1 ] which grows inwards with time until it reaches the critical radius (R f = R 1 ).
A camera placed above the cylindrical container takes a picture every 15 seconds and we measure the front position R f of one ripple on each picture. An R max f is defined as R f after t max = 2 · 10 5 seconds (= 2.3 days) of evolution. It is measured in the end of each experimental run but we present only measurements in the initial stage of growth (t ≪ t max ).
We consider that, from the experimental point of view, R max f ≃ R 1 . Figure 3 and 4 show three different time-evolutions of (
). This parameter is proportional to the radial length of the ripples and is relevant since the ripples grow toward the center of the tank.
The parameters set in the Fig. 3 (a) is close to the threshold of the instability (see below).
From the beginning of the experiment 3 (a) to t ≃ 2, 5 · 10 3 s we observe the initial growth of the rolling grain ripples (phase I). Then, we observe quasi-stability of the rolling-grain ripples during 7 · 10 3 s (phase II). During that time, the wavelength is constant like R f .
At t ≃ 10 4 s, the transition from rolling-grain ripples to vortex ripples begins (phase III).
We remind here that the initial flat bed is prepared with a flattening procedure [6] . This flattening procedure must leave not defect (bump or hole) in the sand, since any defect with a sufficient height [4, 18] initiates a transition from rolling grain ripples to vortex ripples with propagating fronts. Furthermore, a defectless sand surface is a necessary condition to observe the plateau (phase II) for a long time. Any defect, even if not big enough to trigger transition to vortex ripples can modify the ripples dynamics and hide the plateau.
As the initial size of the rolling grain ripples is tiny, to obtain precise experimental results we zoom on the active zone of the initial stages of growth. The second part of the dynamics is described using another experiment with the same parameters (F r, Re δ ) where we film the whole apparatus. In other experiments farther from the threshold, the plateau with R f = cst (phase II) is absent since the transition from rolling-grain ripples to vortex ripples is faster.
With the parameter set of Figure 3 (b) , the rolling-grain ripple state lasts approximately 200 seconds and vortex ripples grow almost immediately. As some other parameters, like height and wavelength [5, 6, 8, 9] , R f raises abruptly when the front of the vortex ripple instability reaches the spot of study. On Figure 4 we present a more detailed study even nearer the onset of the instability. With these parameters, the system exhibits a very slow dynamics. If we plot R f /R f max versus log(t) we can find a logarithmic evolution of R f for a part of the data set (phase I in Figure 3) . A power-law fit gives good agreement with this data either [ Fig. 4 ]. An attempt to fit the parameter growth in data set from figures 3 and 4 with an exponential saturation (1 − exp(t/τ )) failed. The evolution of this 3D parameter (R f ) depending on the distance to threshold is comparable with other 2D parameters like the wavelength or the height, see [6] Figure (2a) . We show only the initial part of Figure 3 and 4 but at the end of the experiment we reach R max f .
On a very long time scale (∼ 10 5 seconds) we measure two critical radii [ Fig. 2 ] defining two thresholds: (1) threshold of the region with grains at rest defines the critical Shields number to put these grains in motion (R 0 in Fig. 2) ; (2) at a consecutive larger radius, in the region with grains in motion, appears the onset of sand ripples (R 1 in Fig. 2 ). Let us remind that, in our experiments, the cylindrical geometry imposes that the amplitude grows linearly with the radius (A = θr). We choose as control parameters of this instability the Froude number F r and the Reynolds number defined with the boundary layer thickness Re δ as in previous theoretical work [19] and experiments [6] . These dimensionless numbers are defined according to F r = . We choose to use high frequencies (f = 4.5Hz) to stay in the low Re δ region. We obtain tiny vortex ripples [ Fig. 6 ]. The lower the f , the lower the slope. This enables us to obtain higher values of Re δ . In the high Re δ region, to reach the threshold of the instability implies the use of a big amplitude with a frequency decreasing. In the Figure 5 , we display results both from published experiments in an annular geometry [6] , and current experiments in a circular geometry which show that thresholds for the instability are similar. In addition, we show a line of constant Shields number. We choose Sh = 0.05 as a typical value recognized in the literature for the onset of grain motion [14] . To assess the effect of frequency, we made experiments at a constant outer amplitude. In that case (A = constant), the Froude number can be written as a quadratic function of Re δ : F r = δ . In this case (A = constant), visually we remarked that the more the frequency increases the more the thresholds (grain movement and instability onsets) are separated which is clear in Figure 7 where a constant amplitude is used. But as we reach amplitudes such that A ∼ R ext , there is a competition between two length scales. In that case, the results show that the ripples reach a critical radius lower than expected, which is also the case for moving grains [Fig. 5] .
As a conclusion, we looked for the evolution of a granular bed submitted to an oscillating flow. We demonstrated that the wavelength is proportional to the amplitude of oscillation in the final state of the vortex ripples regime using a circular geometry. This scaling was reported by De Candolle as early as 1882 thanks to a similar setup. The novelty of our study consists in the fact that we looked for the stabilization of the inner radius with time and in consequence, we can really separated two different thresholds (one for grain movement and the other for ripple stability) in the same experiment. Hence, we report for the first experiments where one is sure to have reach a final state. Indeed, among the large numbers of correlations which were proposed in the literature so far, all the measurements do not prove that one has really reach a final state because essentially of the side visualizations with planar geometry in wave-tanks. The influence of centrifugal forces and curvature seems to invalidate the circular geometry in order to study the initial streaks formation, individual grains motion and secondary sand instabilities. However, we think that these effects do not invalidate the generality of our results since they compare well with previous findings in planar geometries. 
